Introduction
Radical prostatectomy (RP) is the most common treatment for localized prostate cancer, with 60 000-80 000 American men undergoing this procedure annually. 1 Sexual dysfunction is the most common long-term adverse effect of RP. 2 Published literature has reported that anywhere between 30% and 83% of men are incapable of an erection sufficient for penetration following RP (http://www.icer-review. org/index.php/Download-document/78-ExecutiveSummary-Active-Surveillance-and-Radical-Prostatectomy-Final-Appraisal.html). The nerves responsible for erection are intimately associated with the prostate. 3 Numerous authors have demonstrated that preservation of the nerves surrounding the prostate can improve return of erectile function following RP; [4] [5] [6] however, rates of return of sexual function vary widely among individual surgeons and institutions. 5, 7 The pathophysiology of ED following RP is believed to be a result of thermal, mechanical and vascular insults to the nerves responsible for erectile function and the penis itself. 8, 9 Delicacy of neurovascular tissue handling and avoidance of traction have been proposed as strategies for minimizing nerve damage. 10 Inadvertent traction on the delicate neurovascular tissue can cause stretch-induced axonotmesis in which axons over long segments of nerve are disrupted, whereas supporting structures (including endoneurium) are intact. Traction also disrupts and occludes the small-sized arteries that are traveling with the nerves (vasa nervorum) to supply distal structures such as pelvic muscles, cavernous tissue, external urethral sphincter and the nerves themselves. 11, 12 Thus, traction can cause delay in functional recovery by either neural or ischemic mechanisms.
Traction-free nerve preservation can be difficult to achieve on a robotic platform because of the loss of haptic feedback. We hypothesized that if we could monitor tissue oxygenation in the neural tissue and penis, it may serve as a surrogate for significant traction on this important tissue. We also hypothesized that real-time intraoperative feedback regarding tissue oxygenation levels could aid surgeons in making slight alterations in surgical technique to limit traction and avoid ischemia.
Commercially available tissue oxygenation probes have been utilized during plastic surgical procedures as well as laboratory penile perfusion studies. 13, 14 We have used such a device to evaluate intraoperative penile tissue oxygenation levels as a surrogate for identifying traction. This has allowed us to modify our technique to avoid such traction and the consequent fall in tissue oxygenation levels.
Presented herein is our traction-free operative technique, as well as the effects of penile oxygenation monitoring on postoperative sexual and urinary continence outcomes in patients undergoing robotic prostatectomy by a single surgeon.
Patients and methods

Study design
This is a nonrandomized prospective study of surgical optimization using a device that provides feedback about tissue ischemia during surgery. We used this device to monitor penile tissue oxygenation during robotic prostatectomy. The device gives auditory feedback in the form of an alarm whenever tissue oxygenation levels drop below 85%. Such ischemia resulted from traction or compressive stress to the tissues, and resolved with changes in tissue handling that improved the oxygenation and thus silenced the alarm. We made a note of these subtle surgical changes that were associated with silencing of the alarm. We tried to avoid or modify any surgical maneuver, such as excessive tissue traction, aggressive dissection and use of cautery that caused tissue oxygenation to drop below 85% and sound the device alarm ( Table 1 ). The first part of this study was exploratory in that we monitored penile ischemia during non-nerve-sparing surgeries for aggressive cancer and noted the surgical maneuver responsible for the increased traction and (Figure 1 ).
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Postoperatively, we assessed the impact of these deliberate changes in surgical technique on the functional outcomes.
Study cohort
Only patients who were continent (using no pads) and potent preoperatively, based on their Sexual Health Inventory for Men (SHIM) questionnaire scores of X22, were eligible for this study. 15 Over the 3-month study period, there were 96 patients who underwent robotic-assisted radical prostatectomy at our institution and were deemed eligible. Of these, 64 patients gave written informed consent and were enrolled in the study. These patients had intraoperative tissue oxygen saturation monitoring (group 1). Patients were informed preoperatively that a device would be used to monitor penile oxygen saturation during their surgery should they consent to it. They were told that the surgeon wanted to investigate whether the study would impact on functional outcomes but had no evidence of benefit and was in a state of equipoise. In addition, 192 patients, matched for preoperative prostate-specific antigen, clinical stage, baseline sexual function, Charlson comorbidity index and nerve-sparing status operated between October 2007 and July 2008, formed the control group. These patients did not have any tissue oxygenation monitoring, intraoperatively. All the surgeries were performed by a single surgeon (AT) after his initial 1000 cases.
Oxygenation monitoring
Penile tissue monitoring was done using the Odissey Tissue Oximeter, which is a FDA (Food and Drug Administration)-approved kit consisting of a disposable probe specifically designed to monitor oxygen saturation of penile tissues intraoperatively as well as a reusable laser emitter, receiver and processor designed to integrate these readings with laparoscopic video output. This device provides information as visual data graphs and has an audio alarm, which sets off whenever the oxygen saturation level drops below a preset level of 85%. In group 1 patients, following sterilization, the Odissey Tissue Oximeter probe was placed on the shaft of the penis, 2 cm from its base. The fiberoptic wire from the probe to the monitor was placed under the sterile sheet and attached to the monitor, at which point the operating room staff initiated recording. The patient underwent continuous penile tissue saturation monitoring and surgical dissection was altered whenever the oxygen saturation alarm went off until penile oxygenation was restored to X85%. Following the closure of the incisions, oxygenation monitoring was stopped and the probe removed. The patient was dressed in the standard method. The sensor was discarded and the machine was cleaned.
Technical modifications
Our overall technique of robotic-assisted radical prostatectomy has been described before. 10, [16] [17] [18] We made special note during surgery of the operative steps that caused the oxygenation alarm to sound; we made subtle changes in our technique to avoid such penile ischemia and noted these modifications in surgical technique (Table 1) .
Data collection
Outcomes data were collected under an institutional review board-approved protocol. During their Traction-free nerve-sparing robotic prostatectomy A Tewari et al clinical office evaluation prior to their surgery, patients were asked to provide demographic information and to complete the ICIQ-SF (International Consultation on Incontinence Questionnaire-Short Form) and SHIM questionnaires. In addition, preoperative clinical data such as prostate-specific antigen, clinical stage and biopsy Gleason score were abstracted from the medical records.
Patient follow-up ICIQ-SF and SHIM questionnaires were dispatched to patients via postal or electronic mail at 6, 12, 26 and 52 weeks after surgery. Data collection and follow-up correspondence were performed in compliance with the HIPAA (Health Insurance Portability and Accountability Act).
The primary end point for our analysis was time to return of continence and sexual function. Continence recovery was defined as the use of zero pads or one security liner per 24 h. Sexual function recovery was evaluated based on SHIM scores classifying patients into no ED (SHIM X22) and mild ED (SHIM 17-21). The returned responses to the outcome questionnaires, along with the preoperative, intraoperative and postoperative clinicopathological data of the patients, were prospectively entered into a password-protected Microsoft Access database.
Statistical methods
Statistical analysis was performed using PASW version 17.0 (SPSS, Chicago, IL, USA), with statistical significance considered at Po0.05. The w 2 test was used to compare baseline, postoperative and follow-up categorical variables, whereas Student's t-test was used to compare continuous variables between the two groups. The w 2 tests were used to evaluate the impact of continuous oxygen monitoring on sexual function and continence outcomes at each of the follow-up intervals. A matched-pair analysis comparing means of preoperative and postoperative SHIM scores in the two groups was also performed.
Steps of robotic prostatectomy and their impact on penile de-oxygenation We recorded an initial transient ischemia for a few seconds during positioning and creation of pneumoperitoneum, which either self-corrected or responded to a temporary increase in FiO 2 by the anesthesiologist. Initial surgical steps such as dropping the bladder and defatting the anterior part of prostate caused no change in penile oxygenation. Opening of the endopelvic fascia, especially if requiring complete development of the peri-prostatic space and dissection close to the rectoprostatic groove, and retraction of the prostate were prone to producing ischemic changes in the penis.
Steps of nerve sparing were associated with significant drops in oxygen levels, especially if done using torque or if large tissue chunks were clipped. A drop in oxygen levels was also noted whenever excessive traction was applied on the Foley catheter, seminal vesicles or prostate during nerve-sparing or apical dissection (Table 1) .
Based on our experience with the oxygenation monitoring device, we deliberately modified our surgical steps to make surgery more traction-free, such that we were able to maintain intraoperative penile oxygenation at or above 85% during the surgery. Details of our modified technique are detailed below.
Traction-free, athermal nerve preservation during robotic prostatectomy Our technique is based on recent anatomic data and incorporates delicate tissue handling strategies as guided by penile tissue monitoring studies. 10 We recently proposed that the periprostatic nerves consistently fall into three broad surgically identifiable zones: the proximal neurovascular plate, the predominant neurovascular bundle and the accessory neural pathways 19 ( Figure 2 ), and that nerves are arranged all around the prostate forming a 'trizonal neural hammock'. 10 The predominant neurovascular bundles are usually located in a posterolateral groove on the side of the prostate. Significant variations in the location, shape, course and composition of this bundle occur. They can be widespread on the rectum, Denonvilliers' fascia and lateral prostatic fascia, or they can be circumscribed on the posterolateral groove enclosed in the triangular space. The predominant neurovascular bundle Traction-free nerve-sparing robotic prostatectomy A Tewari et al is closely related to the prostatic pedicle and prostatic fascia, and its branches can sometimes be intermingled with the lateral pedicles of the prostate. Based on the above anatomic discussion, it is easy to conceptualize that any nerve-sparing technique needs to account for much more complicated neural architecture than simplistic right and/or left bundle preservation. The basic principles of our technique are that it is anatomic, trizonal, avoids/minimizes the periprostatic dissection and manipulation, is traction-free and athermal, attempts to preserve the neural hammock, is risk stratified and dissection is guided based on visual cues.
Technical steps for nerve sparing
Our technique of transperitoneal robotic prostatectomy has been described previously. 18 Presented herein are the highlights of our nerve-sparing approach. The anterior surface of the bladder and prostate are exposed, the endopelvic fascia is minimally incised and the bladder neck is entered in the midline. The catheter is gently retracted to expose and deliver the vas deferens and seminal vesicles more anteriorly. Using sharp scissors and curved forceps, we separate the capillaries and veins from the underlying vasa deferentia and seminal vesicles, and clip when appropriate. The cut ends of vas deferens are used to further expose the seminal vesicles. The seminal vesicles are encased in their own fascial compartment and most of the vessels and nerves travel or enter at the tip or lateral aspect. Therefore, the medial avascular compartment is a logical entry point to start the intrafascial dissection during nerve-sparing procedure. The medial avascular plane is slowly developed and seminal vesicles are exposed anteromedially. Care is taken in lateral dissection by minimizing the traction and small pedicle clipping to preserve delicate proximal neurovascular plate and hypogastric branches.
Inside-out approach for neural hammock preservation At this time, both seminal vesicles and vasa deferentia are lifted up and Denonvilliers' fascia is tented and entered in the midline by sharp incision. Based on the preoperative oncologic parameters, a decision about the type of nerve sparing is made and the appropriate fascial plane within the layers of Denonvilliers' fascia is entered, so as to gently develop the retroprostatic space. The individual small arterial and venous bleeders are either controlled cut or cold cut based on intraoperative judgment. The retroprostatic space is first extended distally to expose the undersurface of the prostatourethral junction. Dissection of this plane is slowly carried laterally on the side with oncologically less aggressive cancer. By now, we free up the predominant neurovascular bundle from the posterolateral aspect of prostate.
Further dissection actually creates a plane between the neurovascular hammock and the lateral aspect of prostate. This plane is easier to develop distally because there are few perforating vessels into the capsule. These perforating vessels are identified and sharply cut. Some of them actually require a clip and most stop bleeding in few seconds. A similar plane is developed on the contralateral side to release the entire posterior aspect of the hammock.
So far, we have not applied any traction to the hammock and at this time the hammock is only attached to the prostate at the base where large branches of the inferior vesicular artery are forming the pedicle and entering the prostate and seminal vesicle base. The hammock is also adhered to the prostate bilaterally at the anterolateral edge where fascial compartments fuse with the endopelvic fascia and anterior fibromuscular stroma of the prostate. This early release of the hammock posteriorly actually minimizes the traction on neural tissue and better defines the pedicle.
The pedicle has two distinct components-a medial one that enters the base of seminal vesicle and medial aspect of prostatic base and a more lateral one that contains larger vessels entering the posterolateral and anterolateral corner of the prostate base. The neurovascular hammock is intermingled with these two components of the pedicle and has already been separated by our approach of midline entry into the periprostatic plane and gentle release from medial to lateral and then anterior aspect of the prostate. The medial pedicle is controlled using one to three small 5-mm clips and sharply cut. Sharp dissection is important because it avoids traction on the nerves, inadvertent development of capsular flaps and iatrogenic positive margins. Sharp dissection however requires appreciation of appropriate surgical planes and exploitation of visual cues to recognize various structures and pathologies (inflammation, extraprostatic extension, and so on). Next, the lateral pedicle is similarly controlled and cut in small parts. Once the entire pedicle is cut, the rest of the hammock is easily released and the anterolateral edge is either clipped or controlled using a 4-0 suture to minimize bleeding from the anterolateral edge of the hammock that is mostly made up of periprostatic veins.
We often see an anterolateral arterial trunk that travels from proximal to distal and disappears in the pelvic floor possibly to supply the urethra or penis. Special attempt is made in separating this artery from the prostatic pedicle to which it is intimately attached. Preservation of this and additional arterial trunks maximizes the viability of neurovascular tissue, as some of them may be vasa nervora or provide significant arterial supply to the cavernous tissue. Traction on these vessels could actually Traction-free nerve-sparing robotic prostatectomy A Tewari et al produce distal ischemic changes as noted in our penile oxygenation studies.
Attention is directed now to the distal aspect of the anterolateral edge of hammock, which is released under vision starting from the prostatic apex. The prostate is now lifted up and using the 301 lens facing upward we release the distal 1 cm of the hammock, taking care to avoid any traction or blunt dissection. This is the final common pathway of the pelvic nerves while they are exiting the pelvis. There are one or two periapical arteries that are controlled and cut. The retroapical plexus (part of the distal hammock) is left untouched and dropped posteriorly.
The urethrovesical junction is transected and the freed prostate is packed in the EndoCatch bag (Covidien, Norwalk, CT, USA) and the surgical field is inspected for significant bleeding. The bleeders are either clipped or sutured using a figure-of-eight stitch. If, during nerve sparing, there occurs a need for retracting the hammock, we use 4-0 sutures to minimize tissue trauma and traction.
Next, lymph node dissection is performed, followed by anastomosis and total anatomic reconstruction. During reconstruction, we especially keep an eye on the location of the retroapical plexus and thus avoid inadvertent inclusion in the suture. The procedure is completed after placing a drain.
Results
Of the 256 patients enrolled in this study, 240 (93.4%) completed and returned the outcome questionnaires for all the follow-up intervals. Of the 64 group 1 patients, 61 (95.3%) completed and returned all follow-up questionnaires; of the 192 group 2 patients, 179 (93.2%) completed and returned all follow-up questionnaires. There was no significant difference between the two groups in terms of age, body mass index, preoperative prostate-specific antigen, Charlson comorbidity index, clinical and pathologic stage, prostate volume, Gleason score on both needle biopsy and final specimen pathology, preoperative SHIM scores or incidence of positive surgical margins. Mean robotic console time and estimated blood loss were also comparable between the two groups ( Table 2) .
Postoperative functional outcomes: a reflection of modification in tissue handling Continence. Table 3 highlights the percentage of patients from each group achieving continence recovery at each of the follow-up intervals (Figure 3) . Although a higher percentage of group 1 patients achieved continence recovery compared with group 2 patients at each of the follow-up intervals, the differences were not statistically significant.
Potency. In all, 80.3% of group 1 patients and 80.4% of group 2 patients had bilateral nerve sparing. Table 4 highlights the percentage of patients from each group who had no ED or mild ED at each of the follow-up intervals (Figure 3) . A significantly higher percentage of group 1 patients with bilateral Traction-free nerve-sparing robotic prostatectomy A Tewari et al nerve sparing had no ED compared with group 2 patients at 6 weeks (24.5% vs 10.4%; P ¼ 0.014) and 52 weeks (83.7% vs 68%; P ¼ 0.029). Overall, 93.9% of patients in study group had SHIM score X17 (mild to no ED) at 1 year compared with 78.4% of patients in the control group. Table 5 shows matched-pair analysis comparing preoperative and postoperative SHIM scores in the two groups (median follow-up 1 year). There was no statistical difference between means of preoperative and postoperative SHIM scores in group 1 patients (22.9 vs 21.1; P ¼ 0.087), whereas in group 2 patients mean preoperative SHIM scores were significant higher when compared with postoperative SHIM scores (23.0 vs 19.7; P ¼ 0.026).
Discussion
Intraoperative penile ischemia can be arteriogenic, venogenic or a combination of both. During RP, these hemodynamic changes occur because of tissue traction and/or more aggressive dissection. It is postulated that the primary mechanism for the development of tissue hypoxia results from injury to the accessory pudendal arteries, which exist in up to 70% of men, or from injury to the venous plexuses that drain the corpora cavernosa. 20 The vascular injury causes tissue ischemia that affects neural structures by means of (1) hypoxia and nutrient deficiency, (2) initiating free radical formation, oxidation and nitrogen reactions within the neural structures, and (3) production of neurotoxic elements accumulating in adjacent tissues. 21 It is believed that hypoxia induces production of superoxide (O 2 À ), which initiates oxidative reactions and attacks surrounding molecules to produce additional free radicals. Oxygen free radicals in a nitric oxide (NO)-containing environment tends to combine to form peroxynitrite (O ¼ NOO À ), a highly neurotoxic product of O 2 À and NO radical reaction. Nerve fiber exposure to the oxidative free radicals results in rapid excitation, excitotoxicity and degeneration. 22 The involvement of oxidative stress in neural functional deficit and degeneration has been documented in other organs as well. 22, 23 In addition to neural injury, oxidative stress may also alter NO bioavailability and interfere with the intricate mechanism of penile smooth muscle relaxation and erection. Studies have shown a lack of NO synthase activity and impairment of neurogenic smooth muscle relaxation in the ischemic penis.
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Figure 3 Potency and continence outcomes in the two groups at each of the follow-up intervals. Traction-free nerve-sparing robotic prostatectomy A Tewari et al Furthermore, these blood vessels also supply structures such as pelvic muscles, cavernous tissue, external urethral sphincter and cavernous nerve; as a result, the function of these structures is also compromised in the case of ischemia. The cavernous nerve injury results in corporal smooth muscle apoptosis, 26 which in turn causes failure of erection, leading to a state of chronic cavernosal hypoxia, with upregulation of fibrogenic cytokines (for example, transforming growth factor-b) and collagenization of corporal smooth muscle. 27 Studies have demonstrated ischemia-induced changes in erectile tissue, such as time-dependent decrease in trabecular elastic and smooth muscle cell apoptosis, increased collagen/smooth muscle ratio and ultrastructural changes in the tunica albuginea. 28 This increase in collagen deposition causes morphologic changes in the penis, such as loss of length and girth, which causes ED in the long term. 28 In addition, these structural changes cause venoocclusive dysfunction, which is functionally characterized by venous leak and is indicative of gross structural alterations in erectile tissue. 29 Patients who develop such venous leak often have progressive deterioration of erectile function and poor response to phosphodiesterase type 5 inhibitor and intracavernosal injection therapy. 29 In our study, we found that penile ischemia was common during robotic-assisted radical prostatectomy. Correlations with the steps of robotic prostatectomy revealed strong associations between penile ischemia and traction on the prostate, Foley catheter and neurovascular pedicles. We recognize that tissue handling is difficult to quantify and may be partially responsible for differences in sexual function recovery among various surgeons performing the same surgery. It may especially become an issue in robotic surgery where there is a lack of haptic feedback and surgeons use intersensory integration to compensate for this lack of sensation. 30 Although this compensatory phenomenon may be adequate for evaluating tissue texture and firmness, it may still be deficient in avoiding excessive traction, with pull and crush injury to the neurovascular tissue. In this study, we have used the measurement of penile oxygenation as a surrogate measure for tissue traction to get real-time intraoperative feedback on tissue oxygenation and tissue handling. We adjusted our surgical technique such that it resulted in more delicate tissue handling and less tissue trauma. The modifications in technique evolved with increasing experience as to what set off the alarm. Initially, the alarm sounded more often and the technique was changed appropriately as described in the text, and with increasing caseload in the study group, this occurred less frequently. The end result of this was improved return of sexual function outcomes at 6 weeks and 1 year of follow-up. It is the oxygen monitoring that led to the changes in surgical technique that may have improved potency outcomes. We also found that there was better continence recovery in the study group at every time interval, although the difference was not statistically significant. The improvement could be because of greater attention to detail afforded by the device and/or because of better quality of nerve sparing. This difference may not be statistically significant because of a low power effect from a small sample size in our study. In fact, other investigators have demonstrated improved continence outcomes with better nerve sparing, suggesting the role of periprostatic nerves in urinary as well as sexual function. [31] [32] [33] The positive surgical margin rate between the groups was not significantly different, suggesting that alteration of technique based on real-time penile oxygen monitoring did not compromise oncologic outcomes.
There are a number of limitations in this study. Our patient numbers were small and the study was not randomized. The cutoff of 85% that we used for acceptable penile saturation levels was not evidence based but rather our own estimate. Our results are also based on a single surgeon's experience and thus require validation by others. Another limitation of this study is our measurement of penile rather than periprostatic tissue oxygenation, and distal ischemic changes may not correlate with proximal circulation. However, it likely that changes closer to the site of tissue handling are more pronounced than what we were measuring distally. We however have no data at this point to say that penile oxygenation changes are surrogate for neurovascular ischemia. However, we are contemplating a study measuring direct neurovascular oxygenation using a contact probe and answering this important question. Despite these limitations, we have demonstrated that intraoperative penile tissue monitoring may give surgeons real-time feedback regarding their tissue handling skills such that technical adjustments can be made that result in improved functional outcomes without compromising oncologic outcomes. The technical refinements described in this manuscript may help in devising traction-free strategies and minimal tissue trauma.
Conclusion
We demonstrated ischemic stress to the penis during RP, even with the robotic platform and in experienced hands. Avoidance of such ischemic stress, aided by intraoperative penile oxygenation monitoring, may help surgeons improve their technique and thus functional outcomes in patients.
